Lifetime reproductive success (LRS) is what counts in terms of evolution, but investments in reproduction entail costs for an organism. The idea that telomere dynamics may be shaped in response to such costs is already established; however, we still lack information on whether this relation translates to overall fitness. Here, we quantified LRS (number of fledged young) and longitudinal telomere dynamics of small passerine birds-the blue tits (Cyanistes caeruleus). We found that individual telomere erosion rate was positively associated with lifetime fledgling number. Birds with more fledged young experienced increased telomere attrition. We show that telomere attrition rate, but not telomere length, is related to individual fitness and suggest that telomere dynamics may underlie reproductive costs experienced by animals as a consequence of prioritizing their lifetime fitness. This is the first study, to our knowledge, to provide evidence that more pronounced telomere erosion is associated with higher fitness gain.
Introduction
Telomeres are non-coding repeats of DNA found at the ends of eukaryotic chromosomes that protect the integrity of the functional genome. Because of an imperfect replication process on the lagging DNA strand, telomeres shorten with each cellular division [1] . Their shortening beyond a critical length invokes cellular senescence and subsequent arrest in the cell cycle [2] . There is a large body of literature demonstrating that telomere erosion rate is not simply an effect of the end-replication problem, but can reflect the cumulative action of various extrinsic factors [3] [4] [5] [6] . Many studies consider telomere length (TL) as a proxy for individual quality because short telomeres are associated with high mortality risk [7] . Evidence that reproduction is yet another factor contributing to telomere loss, in both correlative [8, 9] and experimental studies [10, 11] , is also accumulating. To the best of our knowledge, all of this research is based on single breeding events. In expectation of further breeding events, iteroparous animals have to tailor their current reproductive effort to their actual capacity in order to maximize overall fitness. An approach that accounts for cumulative breeding decisions across many breeding events could increase our understanding of the observed relationships between telomere dynamics and breeding success for several reasons. First, it has been shown that the effect of reproduction on TL did not persist beyond the duration of a reproductive treatment [8] . Next, if a relation between reproductive effort and telomere dynamics exists, the investment made into subsequent reproduction will not be independent of telomere loss experienced in the current breeding. Finally, both reproductive investment and telomere dynamics may be age-dependent, therefore studying early and late reproductive events in isolation can further alter the observed patterns.
These issues can be avoided by investigating lifetime reproductive success (LRS), which is the number of raised young during an individual's lifespan. It is considered to be a reliable proxy for fitness and therefore constitutes a crucial trait in understanding life-history evolution [12] .
Here, we used a dataset collected in a long-term study of a wild passerine-the blue tit (Cyanistes caeruleus). We aimed to investigate the relationship between observed LRS in terms of an overall number of fledged young and telomere dynamics measured within each individual parent throughout its recorded lifetime. We predicted that birds showing high lifetime reproductive output will be subjected to pronounced telomere shortening. Since telomere dynamics include two components: length and erosion rate, we also investigated if TL at first reproduction could predict LRS. Since long initial telomeres correlate positively with attained lifespan [8] , we hypothesized the existence of a positive association between initial TL and LRS.
Material and methods
The study constitutes a part of the long-term monitoring of a nest-box breeding blue tit population inhabiting the southern part of Gotland, Sweden (see [13] for detailed study site description) and for the present analysis we considered data from breeding seasons 2009-2015 (see the electronic supplementary material for details on study species, LRS assessment and sampling).
To quantify TL change in a longitudinal manner, in the current analysis, we considered a subset of birds caught at least twice, and for which the first capture took place in their first breeding season (i.e. 1-year-olds) to standardize age-related effects across all individuals. We excluded birds that underwent experimental manipulations altering the number of fledged young (brood size manipulations, hormonal egg injections). For some individuals, a blood sample was not available; therefore, our final dataset comprises 105 samples belonging to 48 individuals (up to four samples per individual collected at yearly intervals in 23 males and 25 females).
TL was assessed using real-time quantitative PCR assay adapted for birds [14] from whole blood stored in ethanol. We used relative TL, expressed as the ratio (T/S) of a telomere copy number (T) and a single control gene copy number (S, which was GAPDH [15] ). For details on qPCR, please refer to the electronic supplementary material.
(a) Statistics
We calculated D, which is a measure of temporal telomere attrition rate that adjusts for regression to the mean (RTM) [16, 17] . To calculate within-individual D (see Box 1), we used initial TL (measured for all individuals at the age of 1 year) and the last TL available (at the last capture) for an individual (initial and final TL was log-transformed for normality in all analyses). We then fitted D as a response variable in a linear model and tested if this attrition rate was influenced by LRS. Apart from the focal LRS (the number of young fledged during an individual's life, defined as a fixed continuous variable), we included sex as a categorical fixed factor and TL at first sampling (invariably at age 1-to test if the relationship between D and LRS was influenced by initial TL) and maximum attained age (to check if the relation is not simply caused by older individuals having more fledglings) as fixed continuous covariates. Initially, nest ID (for birds sharing breeding pairs) and year of sampling were included as random effects in a mixed model approach, but variance for both terms was null, thus the terms were deemed redundant, allowing to simplify the main model (for details, see the electronic supplementary material). We began with a full model, and then we culled non-significant ( p . 0.05) interaction terms (see the electronic supplementary material: R code). We removed one data point from the final analysis, i.e. a female with very high D (0.511); after performing model diagnostics, this point turned out to be a highly influential outlier (Cook's distance 1). This led to a final sample size of 23 males and 24 females. To test if TL influenced LRS, we fitted LRS as a response variable and we included TL at first sampling, maximum attained age and sex as fixed explanatory variables. Analyses were performed in R (v. 3.3.1) [18] .
Results and discussion
Here, we provide the first demonstration, to our knowledge, of a relationship between telomere dynamics and LRS. In accordance with our predictions, birds that produced more fledglings in their life experienced faster telomere loss (table 1 and figure  1 ). TL at first sampling was not related to LRS (F 1,42 ¼ 0.134, p ¼ 0.717, see electronic supplementary material, table S1), suggesting that telomere erosion rather than TL may serve as a better proxy for overall fitness, at least in our study system. Maximum attained age was highly correlated with LRS (F 1, 20 [16] .
To adjust each value for the regression to the mean, we applied an equation: interpret the correlation between telomere shortening rate and LRS as yet more support for the hypothesis that reproduction may have consequences in terms of telomere erosion. As demonstrated in experimental studies [10, 11] , telomere shortening possibly reflects cumulative DNA damage caused by high reproductive effort. Elevated reproduction may cause telomere shortening owing to faster cellular turnover and overproduction of telomere-damaging free radicals by increasing metabolic rate ( [19, 20] , but see [21, 22] ), but also divert resources from telomere maintenance, i.e. telomerase activity or antioxidant protection [1, 23] . Both mechanisms could underlie the observed positive association of investment in LRS and telomere loss in the blue tit. This relation can be observed similarly in both sexes, as indicated by the non-significant interaction of sex by LRS (F 1,42 ¼ 1.270, p ¼ 0.266). In blue tits, both parents perform parental care such as chick provisioning and nest sanitation [24] , and there are no apparent sex-specific differences in workload. Even though larger reproductive investment could be expected in females, as they produce and incubate eggs, potential negative effects of this additional energetic burden on telomeres could be counteracted by better protection and reparation mechanisms enhanced by the action of oestrogen [25, 26] .
To summarize, we observed that high LRS is associated with pronounced telomere loss. It is important to note that we did not measure reproductive effort in this study, to which costs of reproduction are usually referred. Given the correlative nature of our study, we cannot infer causality, but we demonstrate that more fecund parents can possibly bear consequences in terms of faster telomere attrition. Pronounced telomere attrition, as a measure of somatic damage rate, can potentially relate to impaired survival prospects, which could help to reveal where the long-studied cost of reproduction actually lies. However, in the studied blue tit population, we do not observe any effects of the pronounced shortening on subsequent survival [11] . It is possible that in short-lived birds with high extrinsic mortality rates, such as the blue tits, telomere attrition does not entail shortened lifespan. In seasonal breeders, investment in reproduction, rather than in self-maintenance, appears to be an optimal strategy. In the light of our results, investigating the relationship between LRS and telomere attrition and its consequences in long-lived animals and/or opportunistic breeders could be extremely stimulating for life-history studies.
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